Paleoclimatic records from the Bay of Bengal are rare. We reconstruct the sea-surface temperature (SST) 18 O sw values suggest that the monsoon was stronger and wetter resulting in a humid climate. After ~5 ka the Indian summer monsoon weakened significantly, indicating less dilution of the sea surface by the Ganges-Brahmaputra-Meghna outflow and/or less direct rainfall. We hypothesize that the prevailing late Holocene dry climate may have caused the diminishment and subsequent abandonment of the settlements of the great Indus Valley Civilizations. Our Bay of Bengal climate records are consistent with those from the Andaman Sea, corroborating broad regional changes in the Indian summer monsoon during the last 25 ka. The general pattern and timing of monsoon variability in the Bay of Bengal and Andaman Sea seems to parallel the Arabian Sea, Africa, and Asian ice cores and speleothem records suggesting that a common tropical forcing may have induced these abrupt climate changes.
InTRoducTIon
The Indian summer monsoon (ISM) is a dynamic climate system, which brings enormous changes in the hydrological cycle during the summer (Gadgil 2003; Cane 2010 ). The ISM is the product of a pressure difference resulting from tropospheric heating between the high Tibetan Plateau and tropical Indian Ocean. This seasonal low atmospheric pressure at the Tibetan Plateau relative to higher pressure over the cooler Indian Ocean sets the stage for the cyclonic summer-monsoon wind patterns (Webster et al. 1998; Rashid et al. 2007 ). The cyclonic wind intensifies upwelling at the Somali margin, bringing up cold, nutrient rich waters that stimulate high productivity (Honjo et al. 1999; Heinz and Hemleben 2006; Rao et al. 2010) . Evaporation from the tropical Indian Ocean adds moisture and latent heat intensifying the ISM (Shankar et al. 2002) . On annual to decadal time scales monsoon intensity is influenced by changes in internal boundary conditions such as tropical Indian Ocean sea surface temperatures (SSTs) (Webster et al. 1998) , variations in Eurasian snow cover (Barnett et al. 1988; Robock et al. 2003) , and the migration of the Intertropical Convergence Zone (ITCZ) (Philander et al. 1996) . Most of the monsoonal precipitation falls on the catchments of the Ganges-Brahmaputra-Meghna rivers (draining most of the Himalayas and the northern part of the Indian subcontinent) resulting in high discharge into the Bay of Bengal (85% of total drainage) and Andaman Sea (Murata et al. 2008) . On the other hand, the westerly cyclonic activity dominates during the winter resulting in minimal precipitation.
Contrasting atmospheric and continental output govern sea-surface conditions in the Arabian Sea and Bay of Bengal. In the Arabian Sea, the positive net atmospheric divergence flux, i.e., mainly evaporation-precipitation, vary from 3 to 3.5 mm day -1 (Hastenrath and Greischar 1993; Trenberth and Guillemot 1998) . This flux can be as high as 20 mm day -1 during June, July and August (JJA) (Peixóto and Oort 1983) . The Indus River outflow amounting to 0.006 Sv (1 Sv = 10 6 m 3 s -1 ) (Perry et al. 1996 ) is the only continental input into the Arabian Sea. On the other hand, the negative atmospheric net divergence flux, i.e., mainly precipitation is -1 mm day -1 in the Bay of Bengal (Trenberth and Guillemot 1998) . The Ganges-Brahmaputra-Meghna-Irrawaddy discharges ~0.05 Sv of fresh water resulting from precipitation in their catchments into the Bay of Bengal (Perry et al. 1996) . Given that most of the modern precipitation ultimately drains into the Bay of Bengal, the "sink of the Indian summer monsoon," paleo-records from the Bay of Bengal are required for a thorough understanding of past changes of the ISM. Here we present the past changes of the ISM based on proxy records from sea-floor sediments of the Bay of Bengal and Andaman Sea for the last 30 ka. From paired oxygen isotope (δ 18 O) and Mg/Ca measurements in the calcite of sea-surface living foraminifera Globigerinoides ruber (white), we reconstruct the sea-surface conditions. The data are placed in a wide, inter-regional context using ice cores, speleothems, marine and lake sediment records to demonstrate coherent changes in the greater Asian monsoon.
The Mg/Ca ratio in G. ruber is a commonly used proxy for sea-surface temperature reconstruction. The paired measurements of δ 18 O and Mg/Ca allowed us to isolate the salinity signal from δ 18 O data, which contains both temperature and salinity-related signals (Lea et al. 2000; Anand et al. 2003; Rashid et al. 2007; Mohtadi et al. 2010 
SAMpLeS And MeTHodS
Sediment core VM29-19 (R/V Vema, 1971) (14.71°N, 83.58°E) was retrieved from the Bay of Bengal at 3182 m water depth, not too close to the continental shelf to be swamped by fine sediments of the GBM discharge (Fig. 1) . Core RC12-344 (R/V Conrad, 1969) (12.77°N, 96.07°E) was retrieved from the Andaman Sea in 1969, presumed to record the changes in the Irrawaddy River discharge, and the isotopic and minor elemental data were described and used Fig. 1 . Map of the study area with locations of paleoclimate records from the Arabian Sea, Bay of Bengal, Andaman Sea, Gangetic Plain, Cambodian Lake, and Dongge cave, and the archaeological sites in the north-western India (black circles). Red dots in the Bay of Bengal and Andaman Sea indicate the location of cores VM29-19 and RC12-344, respectively, used for this study. Long white arrows in the Arabian Sea show the pressure gradient associated with the intensification of the Indian summer monsoon; black arrows indicate the summer pattern of wind from the Arabian Peninsula. Dashed red line is the paleo-Ghaggar-Hakra River (Paleo G-H) and black dots represent the settlements of the Indus Valley Civilizations (Weiss et al. 1993; Madella and Fuller 2006) .
in Rashid et al. (2007) . Core VM29-19 was sub-sampled at 2.5 cm in the Holocene section and 5 to 10 cm in the glacial interval. Samples were soaked in distilled water overnight and wet-washed using a 63 μm sieve. The > 150 μm fraction was used to pick planktonic foraminifera for 14 C accelerator mass spectrometer ( 14 C-AMS) dating. 14 C-AMS dates were determined at the Keck Carbon Cycle Laboratory of University of California at Irvine (Table 1) .
chronology of core VM29-19
Eight 14 C-AMS dates (all in stratigraphic order) were acquired from core VM29-19 between 106 and 296 cm. The 14 C-AMS dates were calibrated to calendar years before the present (1950) using the CALIB6.0.1 online software program (Reimer et al. 2009 ) where MARINE09 data sets were used. A standard ocean reservoir correction of 400 years was applied by an algorithm used by the calibration program. Residual reservoir ages (∆R) of -78 and -2 yrs were used for the Bay of Bengal and Andaman Sea, respectively, following the findings of Southon et al. (2002) . The calibrated ages adopted with the highest probability are reported in the Table 1 . The age of 1.34 ka was obtained for the core top by extrapolation (Fig. 2) . Sedimentation rates, calculated by assuming constant sedimentation between the dating points, vary from 22 cm kyr -1 for the Holocene to 10.6 cm kyr -1 in the last glacial.
Stable Isotopic Analysis
Oxygen and carbon stable isotopes were determined in the handpicked planktonic foraminifera G. ruber from the 250 to 355 μm size. Analyzed subsamples had masses of ~85 -105 μg, but as little as ~60 μg. Stable-isotope compositions were determined using a Finnigan Delta IV Plus light stable-isotope ratio mass spectrometer (SIRMS) coupled to an automated carbonate preparation device (Kiel III Device) at the Stable Isotope Biogeochemistry Laboratory of The Ohio State University. Samples were acidified under vacuum with 100% ortho-phosphoric acid, the resulting CO 2 was cryogenically purified, and delivered to the mass spectrometer. Approximately 10% of all samples were run in duplicate and showed reproducible results. The standard deviation of repeated measurements of an internal standard was ±0.023‰ for δ 13 C and ±0.045‰ for δ 18 O. The overall analytical reproducibility, as determined from replicate measurements on the standard material (NBS-19), is routinely better than ±0.05‰ (±1 σ) for both δ 18 O and δ 13 C.
Mg/ca Analysis and SST estimation
Before analyzing foraminiferal samples for minor elemental concentration, specimens were cleaned for contaminants such as clays, organic matter, and metal overgrowths. A detailed description of the cleaning procedure is given in Rashid et al. (2007) , but here we provide a brief description. Approximately twenty G. ruber tests from the 250 to 355 μm size fraction were gently crushed under a binocular microscope, but care was taken not to pulverize broken shell fragments (Rashid and Boyle 2004) . Crushed samples were cleaned according to the Boyle and Keigwin (1985/86) cleaning protocol, but changing the order to mechanical (multiple sonication before treating samples by trace metal grade methanol), then reductive [using hydrazine in citric acid and NH 4 (OH) buffer], and oxidative cleaning (using NaOH and H 2 O 2 ) and final polishing with weak (0.001 M) nitric acid. Samples were dissolved by 0.2 normal nitric acid and a 300 μl of aliquot was removed and diluted by 0.2 normal nitric acid to make up to ~1 ml solution for analyses. Aliquots were analyzed on a Perkin Elmer 4300 dual view inductively coupled plasma-optical emission spectrometer (ICP-OES) at the College of Marine Science, University of South Florida. Mg, Ca, and Sr were the target elements for quantitative purpose, whereas the Al, Fe, and Mn were routinely measured simultaneously to evaluate the cleaning protocol. In some samples Mn/Ca ratios are high, however, no consistent relationship between Mn/Ca and Mg/Ca ratios were found suggesting that the slight increase of Mn/Ca had no effect on the Mg/Ca. Results indicate an analytical precision for Mg/Ca of ≤ 0.4% root-mean standard deviation (1 σ). The average precision of all data based on duplicates or triplicates is ±0.15 for Mg/Ca, which corresponds to ±0.4°C.
SST was estimated from Mg/Ca ratios using a speciesspecific equation developed from North Atlantic sedimenttrap and core-top calibrations: Mg/Ca = 0.38xe (0.09xSST) , where the Mg/Ca concentration ratio in the foraminiferal test is in mmol/mol and the SST is in °C (Elderfield and Ganssen 2000; Anand et al. 2003) . We used G. ruber-specific calibration of Mulitza et al. (2003) (Hut 1987) . Effects of global ice volume change were corrected using a sea-level record from Fairbanks (1989) (Adkins et al. 2002 ) was also applied.
Modern depth of the lysocline in the Bay of Bengal lies near 2600 m and deepens to about 3800 m in the eastern equatorial Indian Ocean (Chen et al. 1995) . We have used the foraminiferal weight (Rashid et al. 2007 ), instrumental Ca-signal, and any signature of shell mass loss under the microscope to assess dissolution (Saher et al. 2007 ). We have not encountered any dissolution event.
ReSuLTS
The top 320.5 cm of core VM29-19 covers the last 29.3 ka of paleoclimate record in the Bay of Bengal. G. ruber δ
18
O shows a ~1.8‰ change between the Holocene and last glacial periods. Two depleted δ 18 O peaks centered at 267 and 290 cm correspond to the ages of 25 and 27 ka, respectively (Fig. 2) could be equivalent to the DansgaardOeschger events of the North Atlantic (Bond et al. 1993; Rashid and Boyle 2008 (Rashid et al. 2007) (Fig. 3) .
The estimated SSTs were ~2.8°C colder during the last glacial maximum (LGM) compared to the Holocene in the Bay of Bengal (Fig. 2) (Fig. 2) .
dIScuSSIon

deglacial climate in the Bay of Bengal
Detailed paleoclimate records of shorter or longer time-scales from the Bay of Bengal are rare (Kudrass et al. 2001) . Our δ 18 O data in G. ruber show a ~1.8‰ difference between the late glacial and the Holocene (Fig. 2) . A similar magnitude of δ
18
O change has also been reported from the Arabian Sea (Schmiedl et al. 2006; Saher et al. 2007; Anand et al. 2008 ) and the Andaman Sea (Duplessy 1982; Rashid et al. 2007) .
A ~2.8°C cooler SST during the LGM in the Bay of Bengal (Fig. 2) is consistent with a similar magnitude of cooling reported for the tropical Indian Ocean (Naidu and Malmgren 1995; Sonzogni et al. 1998; Rashid et al. 2006) , but is considerably larger than the 1°C SST cooling estimated by the CLIMAP (1981) and Cullen (1981) using the foraminiferal assemblage transfer function and foraminiferal δ 18 O based techniques from Duplessy (1982) , respectively. Kudrass et al. (2001) reconstructed millennial-scale SST and salinity changes from the lower Bengal slope at 1253 m water depth. These authors used the alkenone-extracted SST estimates of Sonzogni et al. (1998) from the tropical Indian Ocean to calculate salinity. As a result, a 2°C cooler SST was reported for the early Holocene compared to the late and mid Holocene. Such a cooling in the early Holocene is in stark contrast to all other climate records of greater Asian monsoon (Barrows and Juggins 2005; Saher et al. 2007; Anand et al. 2008; Mohtadi et al. 2010 ) including our results (Andaman Sea, Rashid et al. 2007; and this contribution) . We were unable to analyze the core top due to the lack of G. ruber in sediment younger than ca. 3.1 ka and the physical lack of sediment younger than ca. 1.3 ka, which was possibly lost during the coring process. However, our reconstructed SST of 27.3°C at 3.1 ka (Fig. 2) approximately matches the modern annual mean SST in this region (Levitus and Boyer 1994; Barrows and Juggins 2005 (Fig. 2) . The most enriched δ
O sw values occur between 18.2 and 15.6 ka and in the YD. These enriched δ
O sw values suggest that the ISM was the weakest during these periods and the climate was drier inducing less GBM outflow and/or less direct rainfall. On the other hand, the depleted δ
O sw values from 22.2 to 18.2 ka (Fig. 2) suggest a stronger ISM and more GBM outflow and/or direct rainfall. These results are important for testing the sensitivity of monsoonal precipitation during the reorganized glacial boundary conditions and atmospheric circulation (Broccoli et al. 2006; Levermann et al. 2009 ). The interval encompassing the transition period between the last glacial and B/A climate could not be determined due to the lack of foraminifera which may be related to a significant GMB outflow and supply of fine sediments to the core site VM29-19. The depleted δ
O sw values suggest a humid climate and freshening in the Bay of Bengal during the B/A period (Fig. 2) .
Holocene climate in the Bay of Bengal
The most depleted δ
18
O sw values were found in the early Holocene, which suggests that it was the wettest period with the strongest ISM resulting in a drastic precipitation increase in the catchments of the GBM rivers and/or more direct precipitation in the Bay of Bengal. These results are consistent with other Holocene records in and around the Arabian Sea (Fleitmann et al. 2003; Gupta et al. 2005) and Andaman Sea (Rashid et al. 2007) .
Our Bay of Bengal records do not cover the climate history of the last 3.1 ka due to the paucity of foraminifera in samples in this interval. In addition, lack of enough foraminifera prevented us from carrying out Mg/Ca analysis on all samples (hence a relatively fewer δ 18 O sw data points compared to the G. ruber δ 18 O). Nevertheless, the enriched δ 18 O sw values between 4.8 and 3.1 ka follow the trend of enriched δ
O sw values between 4.8 and 1.4 ka in the Andaman Sea record (Rashid et al. 2007) (Fig. 3) O sw values between 0 and -2‰ from equator to the northern Bay of Bengal during January and February, i.e., during the winter monsoon with low precipitation and runoff (Delaygue et al. 2001) . We speculate that if the measurements were conducted during the summer monsoon, these values would be much depleted as predicted by oceanatmospheric general circulation modeling (Delaygue et al. 2001; Kageyama et al. 2009 ). Fig. 3 . Proxy records of the Indian and Asian monsoons and Greenland and Tibetan ice cores data plotted using their independent age models. From the bottom to top: δ 18 O sw from (a1) the Andaman Sea (blue diamonds) (Rashid et al. 2007 ) and (a2) Bay of Bengal (unfilled circles) from cores RC12-344 (Rashid et al. 2007 ) and VM29-19 (this study), respectively; (b) Marine biological productivity (total organic carbon) records from the Arabian Sea (Schulz et al. 1998 Paradigm of a stable Holocene climate mainly stemmed from the monotonous nature of the δ 18 O Greenland and Antarctic ice cores (Fig. 4) . However, this paradigm has been challenged in the last five years by evidence from the presumably stable tropical regions that show dramatic, submillennial to millennial-scale hydrologic and thermal variability irrespective of altitude (Thompson et al. 2002 (Thompson et al. , 2006 Wang et al. 2005 Wang et al. , 2008 . In Fig. 4 , we illustrate the variability in the high Tibetan Plateau δ 18 O records that show dramatic changes, consistent with the ice core records from Kilimanjaro and the hydrological variability in the Bay of Bengal and Andaman Sea, whereas the Greenland climate remained stable. We hypothesize that once the global climate reaches a certain threshold or mean state the polar climate becomes insular compared to changes in the tropics. Whether such isolation is mechanistically plausible can be tested by high resolution climate modeling.
The Bay of Bengal Monsoon and the Regional climate connections
Our Indian monsoon proxy records from the Bay of Bengal and Andaman Sea are plotted with other highly resolved climate records from the African and Asian mon- soons to demonstrate the changes in the tropical climate (Fig. 3) . The Bay of Bengal SST data show a continuous, gradual warming starting at ~18.8 ka consistent with the seasurface warming from the Sulu Sea (Rosenthal et al. 2003) , Makassar Strait (Visser et al. 2003 ) and the western Pacific Warm Pool (Lea et al. 2000; Stott et al. 2002) . Within dating uncertainties, this warming could be tied to the first rise in atmospheric carbon dioxide (Monnin et al. 2001 (Fig. 3d) (Severinghaus et al. 2009 ). The weakest ISM between 18.2 and 14.8 ka is consistent with the weak Asian monsoon resulting in the lowest precipitation in China as inferred from the Hulu, Donggee and Sanbao speleothem records (Wang et al. 2005 (Wang et al. , 2008 as well as the weakest Arabian Sea biological productivity (Fig. 3b) (Schulz et al. 1998) and Arabian Sea monsoon (Saher et al. 2007; Anand et al. 2008) . This weaker monsoon is also consistent with a higher supply of African mineral dust (stronger windblown dust) from northwest Africa to the neighboring eastern tropical Atlantic Ocean (Fig. 3c) O atm which is mainly governed by the strength of the Asian and North African monsoons. There are leads and lags in the records resulting from the divergence in age models; however, Heinrich event 1 seems to be nested within this weakest monsoon period.
The proxy records for the YD show weaker Indian and Asian monsoons and a dry north Africa as revealed from the high dust flux (a narrower high dust peak) suggesting a strong continental wind input (Fig. 3c) (de Menocal et al. 2000; Mulitza et al. 2008) . Proxy records from Guliya ice core (Fig. 3f) O pattern has also been reported from the South China Sea (Steinke et al. 2006) . The apparent mismatch in duration of these proxy records could result from the discrepancies in age models; alternatively, it could mean that some of the tropical proxies responded earlier to an "unknown" forcing. The B/A and YD periods of freshening and dry episodes of the Indian monsoon can also be correlated to the freshening and dry events in the western Equatorial Pacific, South China, and Sulu seas (Kienast et al. 2001; Stott et al. 2002; Steinke et al. 2008) . These findings suggest that the ISM and the greater Asian monsoon system have undergone synchronous hydrological and climate changes.
The most depleted early Holocene δ 18 O sw values suggest a wetter condition, and by extension, we infer this period to be associated with the strongest ISM. Both the Asian monsoon and African Humid Period (AHP) records suggest more precipitation in the Asian landmass, warmer climate in the Tibetan Plateau, and less supply of African mineral dust, consistent with our results (Fig. 3 ). An increase in continental wetness has also been reported from lake records across the Sahel region of Africa (van Campo et al. 1982; Lamb et al. 1995; Gasse and Roberts 2005) and northwestern India (Morrill et al. 2003; Sharma et al. 2004; Sinha et al. 2005) , and soil formation in China (Porter and An 1995; Han et al. 2010) . The Arabian Sea biological productivity did not reach its Holocene maximum until after 9.2 ka (Schulz et al. 1998) suggesting an enigmatically weaker upwelling interval between 11.6 and 9.2 ka. However, the highest total organic carbon (TOC) concentrations were found between 9 and 5.8 ka (Fig. 3b) suggesting a stronger biological productivity for this interval.
The late Holocene Bay of Bengal and Andaman Sea enriched δ
18
O sw values suggest a dry condition and hence a weaker ISM. Our records are similar to the speleothem records of the Gupteshar and Dandak caves of eastern India (Yadava and Ramesh 2005) . These authors also inferred a weaker ISM for the last 4 ka. A drastic decrease in the ISM and hence less precipitation were also inferred from the desertification in northern India (Swain et al. 1983) , drops in lake levels in Africa and the Tibetan Plateau (Lamb et al. 1995; Morrill et al. 2003; Gasse and Roberts 2005) and windiness in the Arabian peninsula (Overpeck et al. 1996) . From an ultra-high resolution study of Chinese speleothems, a reduction in the Asian monsoon has also been reconstructed by Wang et al. (2005 Wang et al. ( , 2008 . Solar insolation has often been invoked to explain the transition from the glacial to Holocene climate. The earth solar insolation during the LGM was within 1 W m -2 of present day values and carbon dioxide concentration was 80 ppm lower than today (Lasker 1990; Monnin et al. 2001) . It is the combination of these two factors, in conjunction with the greater ice volume that was responsible for decreasing global net radiation relative to today. However, change in the summer (July) solar insolation was one of the mechanisms which could have altered the tropical monsoon resulting in cooler and drier conditions in the Himalayan and Tibetan region and reducing the land-sea pressure gradient (Kutzback and Street-Perrott 1985) . As a result, the Indian subcontinent received less precipitation and direct precipitation in the GBMI catchments as demonstrated by the enriched δ 18 O sw values. On the other hand, the records of abrupt events such as the YD, B/A etc. require additional forcing as discussed in the subsequent paragraph.
Correlation of our Bay of Bengal and Andaman Sea δ 18 O sw data with cave, marine, lake, and ice cores records provides a link to various components of the Northern Hemisphere climate system (Fleitmann et al. 2003; Wang et al. 2005 Wang et al. , 2008 . A possible mechanistic link that can explain this relationship for the abrupt climate events comes from modern observational data as synthesized by Robock et al. (2003) as well as a modeling study of Barnett et al. (1988) . The authors suggested that warm, low-snow winters in Eurasia will be accompanied by anomalously strong Asian monsoons the following summer. Apparently, the warmth propagates eastward to central Asia increasing the land-sea temperature contrast, thus intensifying low pressure and precipitation associated with the monsoon (Webster et al. 1998; Cane 2010) . The freshwater release in the North Atlantic preconditions the formation of sea ice by sea-surface cooling and thus extends the regional sea-ice cover. As a result, the expanded sea ice reduces the ocean-atmosphere heat exchange to the prevailing westerlies and, hence, induces more cooling in the continental Europe. Furthermore, modeling studies suggest a displacement of the ITCZ farther south associated with the amount of freshwater (Broccoli et al. 2006) . At any rate, we suggest a combination of mechanisms could have acted over the longer timescales and was even more influential during the large climate oscillations of the B/A and YD periods. Identification of these events in the Bay of Bengal and Andaman Sea provides support for the connectivity of the North Atlantic climate and ISM.
Late Holocene Indian Monsoon and the demise of the Indus Valley civilizations
When most of the agricultural expansion occurred within the Indus Valley, the Harappan and Mohenjo-Daro civilizations were at their peak about 4.6 to 4.5 ka. These civilizations began to decline at around 4 to 3.9 ka leaving completely abandoned settlements between 3.6 and 3.4 ka (Weiss et al. 1993; Kenoyer 1998) . A favored hypothesis explaining the decline of the Indus Valley civilizations is that inferred changes in the course of the then Ghaggar-Hakra River, the former dried out Ghaggar-Hakra river, forced the dispersion of settlements (Fig. 1) (Madella and Fuller 2006) . The link between the climate change or, more precisely, changes in the ISM strength and the disappearance of the Indus Valley Civilizations has rarely been explored or the role of the ISM has been viewed as secondary factor (Possehl 2002; Madella and Fuller 2006) .
The sharp change in the Andaman Sea and Bay of Bengal δ
18
O sw values were found from 5.3 to 4.2 and 4.8 to 4.6 ka (Fig. 4) , respectively, suggests an abrupt GBMI outflow reduction and/or less direct rainfall, and hence a weak ISM. Our δ
O sw records are too coarse to resolve the precise onset date for this weak ISM event; the age models for the Bay of Bengal and Andaman Sea records suggest the timing between 4.8 and 4.2 ka. This date approximately coincides with the demise of the African Humid Period, a sharp decline in the Arabian Sea productivity (Schulz et al. 1998) , and an abrupt increase of dust in Guliya ice core in Tibetan Plateau (Thompson et al. 1997 (Thompson et al. , 2006 suggesting the onset of a dry and windy climate (Fig. 4) . A sharp increase in dolomite in the Gulf of Oman at 4.15 ka (Fig. 4) indicating a windy climate has been correlated to the demise of the Akkadian empire (Cullen et al. 2000) , consistent with the high salinity event ~4.2 ka reconstructed from the marine sediments of northern Red Sea (Arz et al. 2006) . The beginning of the arid period at ~4.5 ka and its intensification at ~3.5 ka is also found in the pollen records from the Higher Garhwal Himalayas and northwestern India (Phadtare 2000) . A shift toward an arid phase at 4.2 ka was also found in the vegetation history from the lake records of Rajasthan. Desiccation of river channels in the Gangetic plain (Sharma et al. 2004) and reduction in Cambodian lake levels (Maxwell 2001) also occurred between 5 and 4 ka. Thus, it appears that the abrupt dry event at ~4.2 ka ushered the step-wise weakening of the Asian monsoon.
Asian monsoon records from the Dongge caves show a drastic reduction in precipitation at around the same time, although there are some mismatches in the age models between different records. In the African Kilimanjaro ice core, Thompson et al. (2006) showed that an abrupt enrichment of δ 18 O at 5.2 ka was followed by a gradual decrease and a major drought recorded in the dust concentration at 4.2 ka suggesting that the tropical hydrological cycle was also modified at this time (Fig. 4) . At the same time, the planktonic foraminiferal δ O signal suggesting only a minor reduction of the Indus River outflow at 4.2 ka (Staubwasser et al. 2003) . In summary, these independent proxy records suggest that the African and Indo-Asian monsoon experienced coherent rapid hydrological changes during the late Holocene period including a dramatic decrease in the ISM at ~4.5 ka. The weakening of the ISM starting at ~5 ka and becoming severe at 4.2 ka has been considered as a factor in the Indus Valley civilization decline but its impact has not been fully appreciated (Possehl 2002; Madella and Fuller 2006) . The lukewarm response to this gradual ISM weakening hypothesis presumably results from the lack of robust paleoclimatic evidence for the reduction of Indus outflow in the Arabian Sea and lakes of Rajasthan. Most of the archaeological excavations were conducted along the former Ghaggar-Hakra and the Indus Rivers to understand the changes in the Indus Valley Civilizations, whereas, paleoclimatic reconstructions have been focused on sites proximal to these Civilizations such as the Makran margin off the coast of Pakistan (Staubwasser et al. 2003) .
Most precipitation over the Indian landmass falls during the period of intensified ISM. In a given year, the Indus, GBM and Irrawaddy rivers discharge approximately 238, 970, and 428 km 3 yr -1 water, respectively, to the Arabian Sea, the Bay of Bengal and the Andaman Sea (Gleik 1993) . These discharge estimates suggest that under the current climate conditions, the Indus River discharges only ~15% of the ISM. If there was a change in the intensity of the ISM, responses in the sea-surface proxy of the eastern Arabian Sea would therefore be relatively weak. Furthermore, other factors such as the intensity of the upwelling, foraminiferal depth-habitat, etc., would complicate the δ 18 O signal in the eastern Arabian Sea. It is not surprising therefore that δ 18 O records in planktonic foraminifera from the Indus delta do not reveal abrupt changes even though there were known drastic changes in the entire ISM system. On the other hand, a reduction in precipitation over the GBMI catchments should explicitly be reflected in δ 18 O sw records from the Andaman Sea and Bay of Bengal. We therefore propose that dramatic changes in ISM, as indicated in our δ 18 O sw records decreased the amount of precipitation over the entire region, including the Indus Valley, and may have forced the Indus Valley Civilizations to abandon their settlements.
concLudInG ReMARkS
Sea-floor sedimentary records from the Bay of Bengal and Andaman Sea indicate that the Indian summer monsoon has undergone abrupt changes during the last 30 ka. The temporal resolution of our data is coarse in comparison to other Indian and Asian monsoons records such as Dongge, Hulu or Timta (Sinha et al. 2005) caves, however our records capture major reorganization events. Enriched seawater δ
18 O values both in the Bay of Bengal and Andaman Sea during the interval from 18.2 to 14.8 ka and the YD suggest that the GBMI catchments received less precipitation and/ or direct less rainfall. As a result, the outflow from these rivers was diminished. The most depleted δ 18 O sw values in the early Holocene suggest that the ISM was strong resulting in significant precipitation. Our depleted δ 18 O sw values during the LGM suggest that the Bay of Bengal and the Andaman Sea was wetter in contrast to the commonly held view of dry climate for this period. A southward displacement of the mean position of the Intertropical Convergence Zone coupled with less summer (July) solar insolation during these periods could reduce precipitation and hence less GMBI outflow. Contrastingly, a warmer climate ushered in due to the retreat of the Tibetan glaciers in the early Holocene and enhanced summer solar insolation. An increase in evaporation from the tropical Indian Ocean and a strong land-ocean pressure gradient induced more moisture transport to India, as revealed by depleted seawater δ 18 O sw values. The glacial climate of the Bay of Bengal and Andaman Sea was occasionally punctuated by δ 18 O-depleted events. Whether these events can be correlated to the DansgaardOeschger events (Rasmussen et al. 2006) or the Chinese cave records (Wang et al. 2008) could not be ascertained due to the lack of finer temporal resolution and inadequate dating constraint. It is worthy of note that sediment cores used in this study were narrow diameter cores collected in 1969 and 1971 and the sediments have dried out. New cores are needed to generate decadal to centennial-scale ISM climate records, comparable to the cave and ice cores records of the Chinese speleothems and Tibetan Plateau, respectively.
The climate records from Bay of Bengal and Andaman Sea are generally similar however there are some differences, especially in the deglacial records, which is expanded in the Andaman Sea compared to the Bay of Bengal. Whether the expanded interval means that the GBM outflow is climatically more sensitive than that of the Irrawaddy remains to be investigated. Further, the transition between the glacial and B/A periods in the Bay of Bengal was associated with a higher input of fine-grained sediments. Whether the GBM outflow carried more fine-grained sediments at the onset of a warmer climate or the outflow reached farther offshore is not yet understood. A depth transect of sediment cores from the lower shelf to slope may provide answers to these questions.
In the late Holocene, the Indian subcontinent witnessed abandonment of two of the greatest ancient civilizations. We hypothesize that this abandonment of the settlement may be linked to the onset of dry climate stemming from the weakened ISM at 5.2 ka. However, a precise timing of the onset and the duration of this event needs to be constrained.
